Abstract: The present study was conducted to evaluate the effect of different salt concentrations (50 and 200 mM NaCl) on growth, permeability properties (electrolyte leakage, cell viability) and activity of glutamine synthetase (GS) and glutamate dehydrogenase (GDH) in roots of maize seedlings. Both salt concentrations significantly affected growth and permeability properties of maize seedling roots and this negative effect increased with concentration of salt and duration of experiments. On the other hand salinity induced only small changes in the activities of GS and GDH, usually small increase in the activity was observed. To characterise the possible protective effect of silicon (Si) on maize roots exposed to saline stress, different concentrations of Si were simultaneously applied to both, low (50 mM) and high (200 mM) salt concentrations. Possible protective effects of Si on studied parameters were analysed in time range of 3 days treatment with the most positive effect on salt-induced root growth inhibition at high salt concentration and electrolyte leakage. The results show significant increase in GDH activity under all the tested conditions, although the mechanisms underlying this increase have not been elucidated. The results indicate that silicon may ameliorate the salt-induced root growth inhibition and increase the plant vigour at stressful conditions.
Introduction
Salinity is a limiting factor for agricultural productivity of many crops. Salt stress also negatively influences nitrogen metabolism in plants (Kant et al. 2007 ) by inhibition of the ammonia assimilation (Chandra et al. 2001) . Ammonia can be generated inside the plant by a variety of metabolic pathways such as photorespiration, phenylpropanoid metabolism, utilisation of nitrogen transport compounds and amino acids catabolism, from symbiotically fixed nitrogen (Hirel & Lea 2001) . For plants, ammonia is toxic, causing proton extrusion associated with ammonium uptake, cytosolic pH disturbances, uncoupling of photophosphorylation, etc. Therefore, it must be rapidly assimilated into non-toxic organic nitrogen compounds (Kronzucker et al. 2001) .
Ammonia in plants is assimilated in the glutamine synthetase/glutamate synthase (GS/GOGAT) cycle or via the glutamate dehydrogenase (GDH) alternative ammonia assimilation pathway (Mifflin & Lea 1980) and is incorporated into an organic molecule, 2-oxoglutarate, by the combined action of the two enzymes glutamine synthetase (GS) and glutamate synthase (GOGAT). Both glutamine and glutamate which represent the two products of this metabolic process are further used as amino group donors to other amino acids utilised for protein synthesis and to nucleotides used as basic molecules for RNA and DNA synthesis (Hirel & Lea 2001) .
Glutamine synthetase (GS) functions as the major assimilatory enzyme for ammonia. The discovery of plastidic ferredoxin-dependent GOGAT and the demonstration that most of the ammonia is assimilated or re-assimilated through the GS/GOGAT cycle confirmed that this pathway is the major route allowing the incorporation of inorganic N into organic molecules in plants (Lea & Mifflin 1974; Lea & Mifflin 2003) .
Along with GS a number of other enzymes play key roles in maintaining the balance of carbon and nitrogen. It is proposed that one of these is glutamate dehydrogenase (GDH). There is considerable evidence for GDH shunt to return the carbon in amino acids back into reactions of carbon metabolism (Mifflin & Habash 2002) . GDH is involved in the recycling of carbon molecules by supplying 2-oxoglutarate to tissues becoming carbon limited (Robinson et al. 1992) .
Salt stress induced changes in ammonia assimilating enzymes in wheat leaves have been shown by Wang et al. (2007) . NaCl declines the GS activity also in rice (Kumar & Dubey 1999) , but increased in roots of barley (Kant et al. 2007) . It is suggested that under stressful conditions of salinity GDH possibly plays an important role in assimilation and re-assimilation of ammonia (Kumar et al. 2000) . According to Wang et al. (2007) GS/GOGAT pathway was the main in maintaining the glutamate pool at lower salinity of 150 mM NaCl, and the NADH-GDH pathway at higher salinity of 300 mM NaCl. This result confirms that NaCl stress can influc 2014 Institute of Botany, Slovak Academy of Sciences ence ammonia assimilating enzyme preference in some plants.
Silicon (Si) increases the plant resistance to abiotic stresses such as radiation, low and high temperature, wind and drought (Ma et al. 1997 ) and mitigates inhibitory effects of heavy metals (Vaculík et al. 2009; Li et al. 2009 ). The source of silicon in soil is monosilicic acid (H 4 SiO 4 ) which is taken up by plants (Epstein 1994) .
Hypotheses for ameliorating effect of silicon on salt stress are based on decrease of permeability of plasma membranes by helping these structures to maintain their form (Liang 1999) . Addition of silicon caused significant recovery from salt stress in wheat plants (Ahmad et al. 1992) .
Although silicon (Si) ameliorates the inhibition of nitrate metabolism by different abiotic stress, there is no research of its influence on ammonia assimilation in salt conditions.
The present study was focused on the evaluation of the possible impact of different salt concentration (50 and 200 mM NaCl) on growth, permeability properties (electrolyte leakage, cell viability) and the activities of enzymes involved in ammonia metabolism (glutamine synthetase and glutamate dehydrogenase) in primary root of maize seedlings. Simultaneous application of different concentrations of silicon to roots exposed to salt stress was aimed as a contribution to the hypothesis about ameliorating effect of silicon to plant vigour at stressful conditions.
Material and methods

Plant material
Seeds of maize (Zea mays L.) cultivar NK Alpha were germinated in the rolls of filter paper moistened with distilled water in darkness for 3 days at 24
• C. Seedlings (n = 30 for each treatment) were grown in the Hoagland nutrient solution (Hoagland & Arnon 1950) , supplemented with Si or/and NaCl as follows: 0 (control); 50 mM NaCl; 200 mM NaCl; 0.5 mM Si; 2.5 mM Si; 5 mM Si; 50 mM NaCl + 0.5 mM Si; 50 mM NaCl + 2.5 mM Si; 50 mM NaCl + 5 mM Si; 200 mM NaCl + 0.5 mM Si; 200 mM NaCl + 2.5 mM Si; 200 mM NaCl + 5 mM Si. The pH of nutrient solutions was adjusted to 6.2. As the source of silicon, sodium silicate solution (27% SiO2 in 14% NaOH) was used. The seedlings were grown at 24
• C in darkness and analysed after 24, 48 or 72 h after the onset of experiments.
Evaluation of root length and electrolyte leakage. The primary root length (mm) was measured 72 h after the onset of experiment using a ruler. At the same time the electrolyte leakage (EL) was determined using an electrical conductivity meter (type OK-102/2, Radelkis Budapest) (Lutts et al. 1996) . The 2 cm long apical part of primary root were incubated for 2 h at laboratory temperature and electrical conductivity of incubation solutions was determined as EC1 value, subsequently the temperature of incubation solution was increased to 90
• C for 3 h. After cooling to laboratory temperature the electrical conductivity of incubation solution was determined as an EC2 value. The experiments were carried out in two independent experiments with three replicates. Electrolyte leakage was calculated using the equation: EC (%) = (C1 -C2) × 100.
Determination of cell viability
The loss of cell viability was evaluated according to Evans blue staining method (Baker & Mock 1994) after 72 h of the treatment. Freshly harvested root tips (1 cm) were stained with 0.25% (w/v) aqueous solution of Evans blue for 15 min. After washing with distilled water for 3 × 10 min, 24 root tips (3 parallels × 8 root tips) were soaked with a solution of 50% methanol (v/v) and 1% SDS (w/v) for 1 h at 60
• C. Optical density of the released Evans blue was measured spectrophotometrically at 600 nm. The experiments were carried out in two independent experiments with three replicates.
Enzymes assay 1 g of fresh apical part of primary root (3 cm) was kept frozen at -74
• C until enzymes determination. For determination of enzyme activities, the material was homogenised in the extraction buffer (containing 50 mM Tris-HCl pH 7.5, 2 mM EDTA and 0.1 M dithiothreitol for GS and 0.1 mM Tris-HCl pH 7.8, 0.01 mM EDTA and 0.05 mM cysteine for GDH), with liquid nitrogen, filtrated through muslin and centrifugated at 12,000 g for 20 min. Supernatant was used for enzyme activities and protein content assays. GS activity was assayed according to O'Neal & Joy (1973) . The production of γ-glutamyl hydroxamate was measured spectrophotometrically (Beckman Coulter, Inc.) at 540 nm.
GDH was assayed in the amination pathway using the modificated method of Turano et al. (1998) . NADH-GDH activity was assayed in 0.1 M Tris-HCl, pH 7.8, 1 mM NADH-Na2 salt reduced and 1 mM CaCl2 with 200 mM (NH4)2SO4 and 2.5 mM 2-oxoglutarate as substrates, and the decrease in absorbance at 340 nm was recorded. The content of soluble proteins was determined according to Bradford (1976) using bovine serum albumin as a standard. The experiments were carried out in two independent experiments with three replicates. Statistical analysis Least significant difference (LSD) was calculated at 0.05 probability level for each parameter (Statgraphics, ANOVA).
Results
In order to assess the effect of silicon on maize seedlings growth under saline conditions, root length was analysed. Salt stress significantly decreased root length, by up to 50%. Table 1 shows that 0.5 mM Si decreased the negative effect of NaCl on root growth of maize seedlings, especially at high salt concentration. Membrane damage and permeability properties of root cells were evaluated through electrolyte leakage. NaCl treatment significantly increased electrolyte leakage at both salt concentrations (Fig. 1) . Si in media without NaCl affected electrolyte leakage insignificantly, in comparison with control, while in media with NaCl, silicon showed a strong protective effect, especially at the mild salt stress (Fig. 1) . Table 2 shows that with increased concentration of Si, added to media with salt, increased also cell viability in root. Although Si helped to ameliorate the Evans uptake, the effect was not statistically significant.
Results of the present study suggest different activity behaviours of GS and GDH in maize seedlings roots growing under mild or high salt levels and/or Si.
Silicon as well as salt did not significantly affect the activity of GS if applied individually (Figs 2, 3) . Under saline stress, the GS activity in root was clearly affected by the simultaneous application of silicon. The most significant reduction of GS activity in seedling roots exposed to mild salinity stress occurred after 24 h treatment with NaCl and Si (Fig. 3) . The reduction was up to 30% as compared to the control, and 32% as compared to variant with 50 mM NaCl, respectively. However, at high salinity (200 mM NaCl) interaction of NaCl and Si significantly increased GS activity, after 72 h treatment. The GS activity showed an increase by up to 47% compared to the control and up to 40% compared to variant with 200 mM NaCl (Fig. 4) .
The GDH activity was not significantly affected by silicon but rather showed a small decrease at 0.5 mM Si (after the longer treatment) (Fig. 5) . No significant changes in GDH activity were observed in maize roots after NaCl application (Figs 6, 7) .
Interaction of 50 mM NaCl and Si increased the GDH activity after application of the highest Si concentration (5 mM). GDH activity was increased com- pared to the control by up to 62% (after 48 h), and up to 95% compared to variant with 50 mM NaCl (after 72 h) (Fig. 6) . Similar increase of GDH activity was found after exposure to 200 mM NaCl concentration and Si (Fig. 7) , by up to 97% (2.5 mM Si after 24 h) in comparison to the control and 62% (2.5 mM Si after 24 h) in comparison to variant with 200 mM NaCl. The increase in GDH activity was significant especially after 48 h in the all tested conditions and based on the above results we suggest that after 48 h it is beneficial for maize root to prefer the way of ammonia assimilation via GDH.
Discussion
The results indicate that silicon affects root length, cell viability and electrolyte leakage and its presence may alleviate the negative effect of NaCl stress in maize seedlings. Exposure of maize seedlings to NaCl and Si treatment significantly affected GS and GDH activities in the roots. The results showing decreased root length under salt stress are in accordance with studies of Zhang et al. (2013) and Ç içek & Ç akirlar (2002) about negative effect of NaCl on seedlings root growth. Parveen & Ashraf (2010) showed that Si concentrations higher than 0.8 mM have a beneficial effect on root growth.
Previous studies had shown that root growth inhibition in maize caused by Al was overcome by Si (1 mM) addition, while cell viability has not been improved by addition of Si (Ma et al. 1997 ). In our study increased Si concentration ameliorated salt stress and slightly increased cell viability in root.
It was suggested that under heavy metal toxicity GDH plays an important role by helping in assimilation of NH + 4 (Jha & Dubey 2004) . Reductions in both GOGAT and GS activities observed in heavy metalstressed plants have been attributed to oxidative modifications of these enzyme proteins (Balestrasse et al. 2006) . Another hypothesis was attributing to the mitochondrial enzyme NADH-dependent GDH, an important role in the plant defence processes, in maintaining the glutamate pool in conditions where the need for NH + 4 detoxification is increased by heavy metals (Chaffei et al. 2004) .
The aminating role of GDH has been realized under stressful environmental conditions in Vigna radiata (Gulati & Jaiwal 1996) . Various concentrations of Cd increased the GDH activity (Kumari et al. 2011) . In- crease in GDH activity was significantly expressed by Cd concentrations that in contrast cause decrease in GS activity in marrow (El-Shora & Ali 2011).
The mechanism by which silicon might alleviate salinity damage is unclear. Previous studies had shown that Si (2 mM) in the root environment restricted the translocation of Na + and Cl − to the young leaves of roses (Savvas et al. 2007 ). In rice plants supplemented with silicate, the contents of sodium in the shoots were nearly half of those in the shoots of plants which did not receive silicate (Matoh et al. 1986 ). The addition of Si was also found to reduce sodium in shoots and roots of salt-stressed bean (Zuccarini 2008) , barley (Liang 1999) and rice (Yeo et al. 1999 ). According to one hypothesis (Yeo et al. 1999 ) silicon limits the amount of water passing through the root by apoplastic way and so reduces the entrance of Na + . Another possible explanation should be the formation of complexes of Si with Na in roots (Ahmad et al. 1992) . Accumulation of salts associated with organic granular structures in the cytoplasm of some plants is considered as one of the adaptive mechanisms of salt tolerance (Ahmad 1968) . According to our results and previous studies we can suggest that there might be a connection between complexes of Si and Na and increasing GDH activity after Si treatment under NaCl stress in root.
Under unfavourable environmental conditions GDH can play an important role in detoxification of ammonium released in response to stress (Frechilla et al. 2002) . Our results show that not only GDH, but also GS is important in the process of ammonium detoxification during salt stress. GDH way of ammonia assimilation is more active, although it would not be correct to call it the preferred way. Abiotic stress, especially heavy metal stress affects the activity of GS, but the results are contradictory. Stimulation (Chaffei et al. 2004; Jha & Dubey 2004) , as well as inhibition (Chaffei et al. 2004; Rai et al. 1998; Ruiz et al. 2007 ) of GS activity have been reported. Similarly, we observed different effect of silicon on maize root GS activity. The factor that led to opposite answers to salt stress was NaCl concentration. The mild salinity caused the reduction of GS activity, but the high salinity, on the contrary, increased the GS activity. From previous works (Jha & Dubey 2004) it is known that GDH activity depended on As concentration (declined when low and increased when high). Our results showed that under mild salt stress Si was effective to increase the GDH activity only at the highest concentration. Under high salt stress the GDH activity increased when Si was applied.
From our results it is obvious that Si can increase the ammonia assimilation in maize root under high salt stress. The reason of this phenomenon could be that under presence of silicon maize becomes more sensitive to salt stress and its answer to high salt stress is to supply the plant body with nitrogen substances, necessary for its survival. Therefore a hypothesis can be suggested that increased GS and GDH activities, induced by silicon, are a defensive reaction of maize plants against high salt stress.
